1 



f 



{ 



V 



(19) 




Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 






(11) 



EP 1 155 712 A2 



(12) 



EUROPEAN PATENT APPLICATION 



(43) Date of publication: 

21.11.2001 Bulletin 2001/47 

(21) Application number: 01304305.4 

(22) Date of filing: 15.05.2001 



(51) IntCL 7 : A61N 1/37 



(84) Designated Contracting States: 


(71) Applicant: PACESETTER, INC. 


AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


Sylmar, CA 91392-9221 (US) 


MC NL PTSETR 




Designated Extension States: 


(72) Inventor: Kroll, Mark W. 


AL LT LV MK RO SI 


Simi Valley, CA 93065 (US) 


(30) Priority: 15.05.2000 US 204088 P 


(74) Representative: Rees, David Christopher et al 


05.10.2000 US 684625 


Kilburn & Strode 




20 Red Lion Street 




London WC1 R 4PJ (GB) 



(54) Implantable dual site cardiac stimulation device having independent automatic capture 
capability 



(57) An improved device and method for automati- 
cally determining threshold detection and maintaining 
capture in a multiple, e.g., dual, site cardiac stimulation 
device. When multiple site stimulation is used, e.g., for 
treatment of congestive heart failure (CHF) or the like, 
the threshold stimulation energy level at each of the 
sites will typically be different and, in the case of a lead 
implanted in the coronary sinus (CS), threshold stimu- 
lation energy level may be significantly different, e.g., 
50 times greater or more. Accordingly, embodiments of 
the present invention independently maintain capture 



for each site and, preferably independently determine 
the threshold for each site. In a significant aspect of the 
present invention, a preferred device periodically deter- 
mines the chronaxie and rheobase corresponding to a 
strength -duration curve for each site and sets initial con- 
trolled energy levels accordingly. Once each initial con- 
trolled energy level is determined, which preferably in- 
cludes a safety margin, the controlled energy level is in- 
creased when a I oss-of -capture criteria is met. Further- 
more, power expended from the battery is minimized 
since each site is individually optimized. 
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Description 

[0001] The present invention is generally directed to 
an implantable medical device, e.g., a cardiac stimula- 
tion device, and is particularly directed to an automatic 
capture / threshold pacing method for use in such a de- 
vice. 

[0002] Implantable cardiac stimulation devices are 
well known in the art. They include implantable pace- 
makers which provide stimulation pulses to cause a 
heart, which would normally beat too slowly or at an ir- 
regular rate, to beat at a controlled normal rate. They 
also include defibrillators which detect when the atria 
and/or the ventricles of the heart are in fibrillation or in 
a pathologic rapid rhythm and then apply cardioverting 
or defibrillating electrical energy to the heart to restore 
and maintain the heart in a normal rhythm. Implantable 
cardiac stimulation devices may also include the com- 
bined functions of a pacemaker and a defibrillator. 
[0003] As is well known, implantable cardiac stimula- 
tion devices sense cardiac activity for monitoring the 
cardiac condition of the patient in which the device is 
implanted. By sensing the cardiac activity of the patient, 
the device is able to provide cardiac stimulation pulses 
when they are needed and inhibit the delivery of cardiac 
stimulation pulses at other times. This inhibition accom- 
plishes two primary functions. Firstly, when the heart is 
intrinsically stimulated, the patient's hemodynamics are 
generally improved. Secondly, inhibiting the delivery of 
a cardiac stimulation pulse reduces the overall battery 
current drain and therefore extends the life of the device 
battery. Extending the battery life, will therefore delay 
the need to explant and replace the cardiac stimulation 
device due to an expended battery. Generally, the cir- 
cuitry used in implantable cardiac stimulation devices 
has been significantly improved since their introduction 
such that the major limitation of the battery life is related 
primarily to the number and amplitude of the stimulation 
pulses. Accordingly, it is preferable to minimize the 
number of pulses delivered by using this inhibition func- 
tion and to minimize the amplitude of the pulses when 
it is clinically appropriate. 

[0004] It is well known that the amplitude of a pulse 
that will reliably stimulate a patient's heart, i.e. : its 
threshold value, will change over time after implantation 
and will vary with the patient's activity level and other 
physiological factors. To accommodate for these chang- 
es, pacemakers may be programmed to deliver a pulse 
at an amplitude well above an observed threshold value. 
To avoid wasting battery energy, techniques were de- 
veloped to automatically adjust the pulse amplitude to 
accommodate for these long- and short-term physiolog- 
ical changes. For example, an existing device, the Af- 
finity® DR, Model 5330 L/R Dual-Chamber Pulse Gen- 
erator, manufactured by the assignee of the present in- 
vention, an AutoCapture™ pacing system is provided. 
In this system, the threshold amplitude level is automat- 
ically determined for a predetermined duration level in 
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a threshold search routine and capture is maintained by 
a capture verification routine. Once the threshold search 
routine has determined a pulse amplitude that will reli- 
ably stimulate, i.e., capture, the patient's heart, thecap- 
5 ture verification routine monitors signals from the pa- 
tient's heart to identify pulses that do not stimulate the 
patient's heart (indicating a loss-of-capture). Should a 
loss-of -capture (LOC) occur, the capture verification 
routine will generate a large amplitude (e.g., 4.5 volt) 

10 backup pulse shortly after (typically within 80-100 ms) 
the original (primary) stimulation pulse. This capture 
verification occurs on a pulse-by-pulse basis and thus, 
the patient's heart will not miss a beat. However, while 
capture verification ensures the patient's safety, the de- 

15 Nvery of two stimulation pulses (with the second stimu- 
lation pulse typically being much larger in amplitude) is 
potentially wasteful of a limited resource, that is the bat- 
tery capacity. To avoid this condition, the existing device 
monitors for the occurrence of two consecutive foss-of- 

20 capture events and only increases the amplitude of the 
primary stimulation pulse when two consecutive loss-of- 
capture (LOC) events occur, i.e., according to a loss-of- 
capture criteria. This procedure is repeated, if neces- 
sary, until two consecutive pulses are captured, at which 

25 time a threshold search routine is triggered. The thresh- 
old search routine decreases the primary pulse ampli- 
tude until capture is lost on two consecutive pulses and 
then, in a similar manner to that previously described, 
increases the pulse amplitude until two consecutive 

30 captures are detected. The value of the pulse amplitude 
when capture thus occurs is defined as the capture 
threshold. The primary pulse amplitude is then in- 
creased by a safety margin value to ensure a primary 
pulse whose amplitude will exceed the threshold value 

35 and thus reliably capture the patient's heart without the 
need for frequent backup pulses. In a copending, com- 
monly-assigned U.S. Patent Application No. 
09/483,908, filed January 18, 2000, entitled "An Im- 
plantable Cardiac Stimulation Device Having Autocap- 

40 ture/Autothreshold Capability," improved loss-of-cap- 
ture criteria are disclosed which are based upon X out 
of the last Y beats, where Y is greater than 2 and X is 
less than Y. 

[0005] To treat certain heart conditions, e.g., conges- 
ts tive heart failure (CHF), pacing is done on both the right 
and left sides of the patient's heart, e.g., at the right and 
left ventricles. Typically, while stimulation of the right 
ventricle occurs via a lead implanted in the right ven- 
tricular apex, stimulation of the left ventricle is accom- 
50 plished through a lead implanted within the coronary si- 
nus (CS). It is critical to ensure that stimulation pulses 
delivered through the left side (CS) lead are captured 
by the patient's heart. The energy used for each pulse 
is a function of the amplitude level (i.e., voltage or cur- 
55 rent) and the duration of the delivered pulse as shown 
in the equation: 
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E = (V 2 * d)/R 

where V is the amplitude of the stimulation pulse, d is 
its duration and R is the lead impedance. 
[0006] Tissue in the coronary sinus may have a 
threshold as high as 6.0 volts and, therefore may require 
a pulse having at least a 6.0 volt amplitude and a pulse 
width of 1 .0 milliseconds for capture to be obtained. This 
threshold is significantly higher than what typically exists 
on the right side of the patient's heart since the CS stim- 
ulation voltage must "reach through" the vein tissue be- 
fore it gets to the active myocardial tissue. Additionally, 
a larger chronaxie may result from the lead's larger sur- 
face area ring electrode which is typically used for a CS 
lead. Accordingly, by applying the above equation, a 
pulse energy level as high as 72 microjoules is deter- 
mined (assuming a typical lead impedance of 500 
ohms). This is a pulse energy level that could rapidly 
deplete the device battery. By contrast, pacing in the 
right ventricular apex (RVA), which has an exemplary 
1 .50 volt threshold and using a 500 microsecond pulse 
width through a 1 000 ohm lead impedance gives rise to 
a pulse energy level of 1 .1 microjoules which is signifi- 
cantly lower than the exemplary pulse energy level de- 
termined for the CS lead. With such a large pulse energy 
difference between the stimulation sites, it is significant 
that the left side pulse energy level not dictate the right 
side pulse energy level which would result in almost a 
50% waste of power. Furthermore, if the right side en- 
ergy level dictated the left side energy level, the left side 
stimulation pulses would not be able to capture the 
heart. Furthermore, with multiple sites, the chronaxie, 
rheobase and impedance values are different and may 
change with time. Accordingly, any solution based upon 
a relationship between the right and left side stimulation 
requirements would be time limited. It is not believed 
that these dual site complications have been addressed 
in the prior art. 

[0007] Furthermore, U.S. Patent No. 5,697,956 rec- 
ognized that while the selection of stimulation energy 
levels was ideally related to the strength -duration curve 
for the patient's cardiac tissue, optimal increases in en- 
ergy levels should also take into account the battery volt- 
age when voltage multipliers (e.g., voltage doublers or 
triplers) are necessary to achieve a desired stimulation 
voltage. Accordingly Bornzin showed an energy curve 
(see FIG. 7 of Bornzin) that selectively increased either 
amplitude or duration to increase the stimulation energy 
level while avoiding use of the voltage multipliers when 
possible. However, Bornzin did not address these is- 
sues in a dual site environment. 

[0008] Therefore what is needed is a system that can 
independently and optimally determine the threshold 
energy for stimulation pulses for the right and left sides 
of the patient's heart and therefore minimize battery de- 
pletion while ensuring capture at each of the pacing 
sites. 
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[0009] According to one aspect of the present inven- 
tion, there is provided an implantable cardiac stimulation 
device configured for stimulating a patient's heart 
through at least two electrodes wherein a first electrode 
5 is positioned to stimulate a chamber in the right side of 
the patient's heart and the second electrode is posi- 
tioned to stimulate a corresponding chamber in the left 
side of the patient's heart, the stimulation device com- 
prising: a first pulse generator configured for electrical 
coupling to the first electrode and configured to generate 
first stimulation pulses at a first controlled energy level 
thereby to stimulate the right side of the patient's heart, 
wherein the first controlled energy level is defined by a 
set of characteristics including an amplitude component 
and a duration component; a first detection circuit con- 
figured for electrical coupling to the first electrode and 
configured to receive cardiac signals for determining the 
presence or absence of an evoked response to each of 
the first stimulation pulses; a second pulse generator 
configured for electrical coupling to the second elec- 
trode and configured to generate second stimulation 
pulses at a second controlled energy level thereby to 
stimulate the left side of the patient's heart, wherein the 
second controlled energy level is defined by a set of 
characteristics including an amplitude component and 
a duration component; a second detection circuit con- 
figured for electrical coupling to the second electrode 
and configured to receive cardiac signals for determin- 
ing the presence or absence of an evoked response to 
each of the second stimulation pulses; a controller cou- 
pled to the first and second pulse generators and the 
first and second detection circuits for adaptively deter- 
mining the first controlled energy level in response to 
the signals detected by the first detection circuit and for 
adaptively determining the second controlled energy 
level in response to signals detected by the second de- 
tection circuit; and a battery for providing power to the 
first and second pulse generators that generate the first 
and second stimulation pulses. 

[0010] According to another aspect of the invention, 
there is provided, an implantable cardiac stimulation de- 
vice configured for stimulating the right and left sides of 
a patients heart, the stimulation device comprising: 

means for generating first stimulation pulses at a 
first controlled energy level to thereby stimulate the 
right side of the patient's heart, wherein the first con- 
trolled energy level is defined by a set of character- 
istics including an amplitude component and a du- 
ration component; first detection means for deter- 
mining the presence or absence of an evoked re- 
sponse to each of the first stimulation pulses; 
means for generating second stimulation pulses at 
a second controlled energy level to thereby stimu- 
late the left side of the patient's heart, wherein the 
second controlled energy level is defined by a set 
of characteristics including an amplitude compo- 
nent and 
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a duration component; second detection means for 
determining the presence or absence of an evoked 
response to each of the second stimulation pulses; 
and means for adaptively determining the first con- 
trolled energy level in response to the first detection 
means and for adaptively determining the second 
controlled energy level in response to the second 
detection means. 

[0011] Thus, the present invention provides an im- 
proved device and method for automatically determin- 
ing threshold detection and maintaining capture in a 
multiple, e.g., dual, site cardiac stimulation device. 
When multiple site stimulation is used, e.g., for treat- 
ment of congestive heart failure or the like, the threshold 
stimulation energy level at each of the sites will typically 
be different and, in the case of a lead implanted in the 
coronary sinus (CS), threshold stimulation energy level 
may be significantly different, e.g., 50 times greater or 
more. Accordingly, embodiments of the present inven- 
tion independently maintain capture for each site and, 
preferably, independently determine the threshold for 
each site. In a significant aspect of the present invention, 
a preferred device periodically determines the chronax- 
ie and rheobase corresponding to a strength -duration 
curve for each site and sets initial controlled energy lev- 
els accordingly. Once each initial controlled energy level 
is determined, which preferably includes a safety mar- 
gin, the controlled energy level is increased when a loss- 
of -capture criteria is met. Furthermore, power expended 
from the battery is minimized since each site is individ- 
ually optimized. 

[0012] Accordingly, a preferred implantable stimula- 
tion device is connected to at least two electrodes im- 
planted in a patient's heart where a first electrode is po- 
sitioned to stimulate a chamber in the right side of the 
patient's heart and the second electrode is positioned 
to stimulate a corresponding chamber in the left side of 
the patient's heart. Periodically, the implantable stimu- 
lation device determines strength-duration curves for 
each side of the patient's heart. Using the determined 
strength-duration curves, the stimulation device then 
determines controlled energy levels for each side of the 
patient's heart that are based upon their respective 
strength- duration curves. 

[0013] Furthermore, once controlled energy levels 
have been individually determined for each (i.e., the 
right and left) side of the patient's heart, capture is indi- 
vidually monitored and maintained for each side. For ex- 
ample, if a first controlled energy level, which is used to 
stimulate the right side of the patient's heart, fails to gen- 
erate an evoked response, the first controlled energy 
level is increased. Similarly and independently, a sec- 
ond controlled energy level is used to stimulate the left 
side of the patient's heart and the second controlled en- 
ergy level is increased if an evoked response is absent. 
[0014] In a further aspect of the present invention, a 
preferred device takes into account potential losses due 
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to the use of a voltage multiplier (e.g. , a voltage doubler 
or a voltage tripler) and avoids amplitude increases that 
trigger the voltage multiplier when possible. According- 
ly, a preferred device monitors the present battery volt- 
5 age and the current amplitudes from each site of the car- 
diac stimulation device and attempts duration increases 
when such increases avoid triggering the voltage multi- 
plier, e.g., when the other site does not require the volt- 
age multiplier. 

w [0015] The invention also contemplates a method for 
pacing a patient's heart using a battery powered im- 
plantable stimulation device connected to at least two 
electrodes implanted in a patient's heart wherein a first 
electrode is positioned to stimulate a chamber in the 

*5 right side of the patient's heart and the second electrode 
is positioned to stimulate a corresponding chamber in 
the left side of the patient's heart, the method comprising 
the steps of: periodically stimulating the right side of the 
patient's heart with a first stimulation pulse having a first 

20 controlled energy level wherein the first controlled ener- 
gy level is defined by a set of characteristics including 
a first amplitude component and a first duration compo- 
nent; detecting the presence or absence of an evoked 
response generated by the right side of the patient's 

25 heart in response to the first stimulation pulse during a 
first detection window; increasing the first controlled en- 
ergy level in response to a loss-of -capture criteria relat- 
ed to the absence of an evoked response from the right 
side of the patient's heart; periodically stimulating the 

30 left side of the patient's heart with a second stimulation 
pulse having a second controlled energy level wherein 
the second controlled energy level is defined by a set of 
characteristics including a second amplitude compo- 
nent and a second duration component; detecting the 

35 presence or absence of an evoked response generated 
by the left side of the patient's heart in response to the 
second stimulation pulse during a second detection win- 
dow; increasing the second controlled energy level in 
response to a loss-of -capture criteria related to the ab- 
sence of an evoked response from the left side of the 
patient's heart; and wherein the step of periodically stim- 
ulating the left side of the patient's heart additionally 
comprises the step of setting a time between stimulating 
the left and right sides of the heart to a determined delay 

45 period from the stimulation of the right side of the pa- 
tient's heart by the first stimulation pulse. 
[0016] The method may also include the step of peri- 
odically measuring the present output voltage of the bat- 
tery which powers the implantable stimulation device, 

50 and the steps of increasing the first and second control- 
led energy levels may be dependent upon the first and 
second amplitude components and the present battery 
output voltage. The step of increasing the first controlled 
energy level may comprise the steps of: 

55 determining a proposed increased first amplitude com- 
ponent for generating a first stimulation pulse which will 
result in the presence of an evoked response from the 
right side of the patient's heart; making a first determi- 
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nation if the proposed increased first amplitude compo- 
nent will exceed a voltage corresponding to the present 
battery output voltage; and varying the first amplitude 
component dependent upon the second amplitude com- 
ponent and the first determination; and the step of in- 
creasing the second controlled energy level comprises 
the steps of: 

determining a proposed increased second amplitude 
component for generating a second stimulation pulse 
which will result in the presence of an evoked response 
from the left side of the patients heart; making a second 
determination if the proposed increased second ampli- 
tude component will exceed the voltage corresponding 
to the present battery output voltage; and varying the 
second amplitude component dependent upon the first 
amplitude component and the second determination. 
[0017] The delay period may be set to essentially 0.0 
seconds and the delay period may be set to cause the 
right side of the patient's heart to be stimulated before 
the left side of the patient's heart, or vice versa. The 
method may further comprise the steps of: periodically 
determining the chronaxie and rheobase corresponding 
to a strength -duration curve for the chamber on the right 
side of the patient's heart; setting the first controlled en- 
ergy level to an initial first controlled energy level related 
to the strength-duration curve for the right side of the 
patient's heart; periodically determining the chronaxie 
and rheobase corresponding to a strength -duration 
curve for the chamber on the left side of the patient's 
heart; and setting the second controlled energy level to 
an initial second controlled energy level related to the 
strength-duration curve for the left side of the patient's 
heart. The method may further comprise the steps of: 
setting the initial first controlled energy level to an am- 
plitude value based on the amplitude value of the rheo- 
base and a duration value of the chronaxie for the de- 
termined values corresponding to the chamber on the 
right side of the patient's heart; and setting the initial sec- 
ond controlled energy level to a value based on the am- 
plitude value of the rheobase and a duration value of the 
chronaxie for the determined values corresponding to 
the chamber on the left side of the patient's heart. Pref- 
erably, the setting of the initial first controlled energy lev- 
el step comprises setting the initial first controlled ener- 
gy level to an amplitude value corresponding to twice 
the rheobase and a duration value of the chronaxie for 
the determined values corresponding to the chamber on 
the right side of the patient's heart; and the setting the 
initial second controlled energy level step comprises 
setting the initial second controlled energy level to an 
amplitude value corresponding to twice the rheobase 
and a duration value of the chronaxie for the determined 
values corresponding to the chamber on the left side of 
the patient's heart. Preferably, the method further com- 
prises the step of periodically measuring the present 
output voltage of the battery which powers the implant- 
able stimulation device; and the steps of setting the in- 
itial first and second controlled energy levels are func- 



tions of the amplitude components of the first and sec- 
ond controlled energy levels and the present battery out- 
put voltage and optionally a safety margin value. 
[001 8] The method may further comprise the steps of: 

5 periodically determining the chronaxie and rheobase 
corresponding to the strength -duration curve for the 
chamber on the right side of the patient's heart; period- 
ically determining the chronaxie and rheobase corre- 
sponding to a strength-duration curve for the chamber 

10 on the left side of the patient's heart; and causing the 
periodically determining steps to occur at different times 
to avoid interactions between the two determinations. In 
response to detecting the absence of an evoked re- 
sponse on the right side of the patient's heart and the 

15 left side of the patient's heart, the method may further 
include the step of delivering a backup pulse after a 
backup delay following delivery of the first of two stimu- 
lation pulses, preferably at an elevated energy level. 
The backup pulse may be delivered only to the right side 

20 or only to the left side of the patient's heart. 

[0019] The invention also contemplates a method for 
pacing a patients heart using an implantable stimulation 
device connected to at least two electrodes implanted 
in a patient's heart wherein a first electrode is positioned 

25 to stimulate the right ventricle of the patients heart and 
the second electrode is positioned to stimulate the left 
ventricle of the patient's heart, the method comprising 
the steps of: periodically stimulating the right ventricle 
of the patient's heart with a first stimulation pulse having 

30 a first controlled energy level wherein the first controlled 
energy level is defined by a set of characteristics includ- 
ing a first amplitude component and a first duration com- 
ponent; detecting the presence or absence of an evoked 
response generated by the right ventricle of the patient's 

35 heart in response to the first stimulation pulse during a 
first detection window; increasing the first controlled en- 
ergy level in response to a loss-of-capture criteria relat- 
ed to the absence of an evoked response from the right 
ventricle of the patient's heart; periodically stimulating 

^o the left ventricle of the patient's heart with a second stim- 
ulation pulse having a second controlled energy level 
wherein the second controlled energy level is defined 
by a set of characteristics including a second amplitude 
component and a second duration component; detect- 

15 jng the presence or absence of an evoked response 
generated by the left ventricle of the patient's heart in 
response to the second stimulation pulse during a sec- 
ond detection window; increasing the second controlled 
energy level in response to a loss-of-capture criteria re- 

50 lated to the absence of an evoked response from the 
left ventricle of the patients heart; and wherein the step 
of periodically stimulating the left ventricle of the pa- 
tients heart additionally comprises the step of setting a 
time between stimulating the left and right ventricles of 

55 the patients heart to a determined delay period from the 
stimulation of the right ventricle of the patient's heart by 
the first stimulation pulse. 

[0020] The invention also contemplates a method for 
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pacing a patient's heart using an implantable stimulation 
device connected to at least two electrodes implanted 
in a patient's heart wherein a first electrode is positioned 
in the right ventricular apex to stimulate the right ventri- 
cle of the patient's heart and the second electrode is po- 
sitioned in the coronary sinus to stimulate the left ven- 
tricle of the patient's heart, the method comprising the 
steps of: periodically stimulating the right ventricle of the 
patient's heart with a first stimulation pulse having a first 
controlled energy level wherein the first controlled ener- 
gy level is defined by a set of characteristics including 
a first amplitude component and a first duration compo- 
nent; detecting the presence or absence of an evoked 
response generated by the right ventricle of the patient's 
heart in response to the first stimulation pulse during a 
first detection window; increasing the first controlled en- 
ergy level in response to a loss- of -capture criteria relat- 
ed to the absence of an evoked response from the right 
ventricle of the patient's heart; periodically stimulating 
the left ventricle of the patient's heart with a second stim- 
ulation pulse having a second controlled energy level 
wherein the second controlled energy level is defined 
by a set of characteristics including a second amplitude 
component and a second duration component; detect- 
ing the presence or absence of an evoked response 
generated by the left ventricle of the patient's heart in 
response to the second stimulation pulse during a sec- 
ond detection window; increasing the second controlled 
energy level in response to a loss-of-capture criteria re- 
lated to the absence of an evoked response from the 
left ventricle of the patient's heart; and wherein the step 
of periodically stimulating the left ventricle of the pa- 
tient's heart additionally comprises the step of setting a 
time between stimulating the left and right ventricle of 
the patient's heart to a determined delay period from the 
stimulation of the right ventricle of the patient's heart by 
the first stimulation pulse. 

[0021] The invention also extends to a method for 
pacing a patient's heart using an implantable stimulation 
device connected to at least two electrodes implanted 
in a patient's heart wherein a first electrode is positioned 
to stimulate a chamber in the right side of the patient's 
heart and the second electrode is positioned to stimulate 
a corresponding chamber in the left side of the patient's 
heart, the method comprising the steps of: periodically 
determining a first strength-duration curve for the right 
side of the patient's heart; periodically determining a first 
controlled energy level for capturing the right side of the 
patient's heart based upon the determined first strength- 
duration curve; periodically determining a second 
strength-duration curve for the left side of the patient's 
heart; and periodically determining a second controlled 
energy level for capturing the left side of the patient's 
heart based upon the second determined strength-du- 
ration curve. 

[0022] The method may further comprise the steps of: 
(a) periodically stimulating the right side of the patient's 
heart with a first stimulation pulse having the first con- 



trolled energy level; (b) detecting the presence or ab- 
sence of an evoked response generated by the right 
side of the patient's heart in response to the first stimu- 
lation pulse during a first detection window; (c) increas- 
5 ing the first controlled energy level in response to a loss- 
of-capture criteria related to the absence of an evoked 
response from the right side of the patient's heart; (d) 
repeating step (c) until capture is detected; (e) periodi- 
cally stimulating the left side of the patient's heart with 
10 a second stimulation pulse having the second controlled 
energy level; (f) detecting the presence or absence of 
an evoked response generated by the left side of the 
patient's heart in response to the second stimulation 
pulse during a second detection window; (g) increasing 
is the second controlled energy level in response to a loss- 
of-capture criteria related to the absence of an evoked 
response from the left side of the patient's heart; and (h) 
repeating step (g) until capture is detected. 
[0023] The invention also extends to a method for 
20 pacing a patient's heart using an implantable stimulation 
device connected to at least two electrodes implanted 
in a patient's heart wherein a first electrode is positioned 
to stimulate a first portion of the patient's heart and the 
second electrode is positioned to stimulate a second 
25 portion of the patient's heart, the method comprising the 
steps of: periodically measuring at least one stimulation 
energy threshold for the first portion of the patient's 
heart; periodically determining a first controlled energy 
level for capturing the first portion of the patient's heart 
30 based upon the at least one threshold measured from 
the first portion of the patient's heart; periodically meas- 
uring at least one stimulation energy threshold for the 
second portion of the patient's heart; and periodically 
determining a second controlled energy level for captur- 
es jng the second portion of the patient's heart based upon 
the at least one threshold measured from the second 
portion of the patient's heart. 

[0024] The method may further comprise the steps of: 
(a) periodically stimulating the first portion of the pa- 
40 tient's heart with a first stimulation pulse having the first 
controlled energy level; (b) detecting the presence or 
absence of an evoked response generated by the first 
portion of the patient's heart in response to the first stim- 
ulation pulse during a first detection window; (c) increas- 
es ing the first controlled energy level in response to a loss- 
of-capture criteria related to the absence of an evoked 
response from the first portion of the patient's heart; (d) 
repeating step (c) until an evoked response is detected; 
(e) periodically stimulating the second portion of the pa- 
50 tient's heart with a second stimulation pulse having the 
second controlled energy level; (f) detecting the pres- 
ence or absence of an evoked response generated by 
the second portion of the patient's heart in response to 
the second stimulation pulse during a second detection 
55 window; (g) increasing the second controlled energy 
level in response to a loss-of-capture criteria related to 
the absence of an evoked response from the second 
portion of the patient's heart; and (h) repeating step (g) 
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until an evoked response is detected. 
[0025] The invention may be carried into practice in 
various ways and some embodiments will now be de- 
scribed by way of example by reference to the accom- 
panying drawings in which: 

FIG. 1 shows a simplified functional block diagram 
of an implantable cardioverter/defibrillator (ICD) 
configured for stimulating multiple sites in a pa- 
tient's heart, which represents one type of implant- 
able cardiac stimulation device with which the 
present invention may be used; 
FIGS. 2A and 2B show an exemplary flow chart of 
a threshold search routine for independently deter- 
mining an initial energy threshold level plus a safety 
margin for each side of the patients heart; 
FIG. 3 shows an exemplary stimulation energy 
curve suitable for use with the present invention; 
FIG. 4 shows a next exemplary stimulation energy 
curve suitable for use with the present invention; 
FIG. 5 shows an exemplary flow chart of a capture 
verification routine for independently maintaining 
capture of each side of the patients heart. 

[0026] In FIG. 1 , a simplified block diagram is shown 
of an implantable cardiac stimulation system 200 includ- 
ing a dual-chamber implantable stimulation device 10 
and a lead system 1 1 . The system 200, as will be seen 
hereinafter, is capable of treating both fast and slow ar- 
rhythmias with stimulation therapy, including atrial and 
ventricular cardioversion, defibrillation, and pacing stim- 
ulation. While a combined pacer and defibrillator device 
is shown, this is for illustration purposes only, and one 
of skill in the art could readily eliminate or disable the 
defibrillator circuitry to provide a stimulation only device, 
eliminate or disable the pacing circuitry to provide a sin- 
gle or dual-chamber defibrillation device or add circuitry 
to provide a device capable of providing stimulation and/ 
or defibrillation to three or four cardiac chambers without 
departing from the present invention. 
[0027] To provide atrial chamber pacing stimulation 
and sensing, the implantable stimulation device 10 is 
shown in electrical communication with a patient's heart 
1 2 by way of an implantable atrial lead 20 of lead system 
11 having an atrial tip electrode 22 and an atrial ring 
electrode 24 which typically is implanted in the patients 
atrial appendage. 

[0028] The implantable stimulation device 10 is also 
shown in electrical communication with the patients 
heart 1 2 by way of an implantable right ventricular lead 
30 of lead system 11 having, in this embodiment, a right 
ventricular tip electrode 32 (positioned proximate to the 
right ventricular apex), a right ventricular ring electrode 
34, a right ventricular (RV) defibrillation coil electrode 
36, and a defibrillation coil electrode 38. Typically, the 
right ventricular lead 30 is transvenously inserted into 
the heart 12 so as to place the RV coil electrode 36 in 
the right ventricle, and the coil electrode 38 in the supe- 



rior vena cava (SVC) or the right atrium. Accordingly, 
the right ventricular lead 30 is capable of receiving car- 
diac signals and delivering stimulation therapy in the 
form of pacing and shock therapy to the right ventricle 

5 and right atrium. 

[0029] Further, in accordance with this preferred em- 
bodiment, the lead system preferably includes a coro- 
nary sinus (CS) lead 46 having an electrode 48. The CS 
lead 46 may be advanced through the SVC, into the right 

10 atrium, through the os or ostium of the coronary sinus, 
and into the coronary sinus for placing the electrode 48 
proximate to the left ventricle. Alternatively, the lead 46 
may be advanced into any of the left ventricular veins, 
such as the left cardiac vein in order to provide left ven- 

15 tricular pacing. 

[0030] The housing 40 (shown schematically) for the 
implantable stimulation device 10 includes a connector 
(not shown) having an atrial tip terminal 42 and an atrial 
ring terminal 44, which are adapted for connection to the 

20 atrial tip electrode 22 and the atrial ring electrode 24, 
respectively. The housing 40 further includes a right 
ventricular tip terminal 52, a right ventricular ring termi- 
nal 54, a right ventricular shocking terminal 56, and an 
SVC shocking terminal 58, which are adapted for con- 

25 nection to the right ventricular tip electrode 32, the right 
ventricular ring electrode 34, the RV coil electrode 36, 
and the SVC coil electrode 38, respectively. The hous- 
ing 40 still further includes a CS pin terminal 50 adapted 
for connection to the CS coil electrode 48 for stimulating 

30 the left ventricle of the patient's heart. The housing 40 
(often referred to as the "enclosure", "can", "case" or 
"case electrode") encapsulates the circuitry of the im- 
plantable stimulation device 1 0 and is formed of electri- 
cally conductive material. It may be programmably se- 

35 lected to serve as a return defibrillation electrode, alone 
or in combination with one of the coil electrodes or as a 
return electrode for one ormore of the tip electrodes 22, 
32 or 48. 

[0031] At the core of the implantable stimulation de- 

40 vice 10 is a programmable microcontroller 60, which 
controls the various modes of stimulation therapy. As is 
well known in the art, the microcontroller 60 includes a 
microprocessor, or equivalent control circuitry, designed 
specifically for controlling the delivery of stimulation 

45 therapy and may further include RAM or ROM memory, 
logic and timing circuitry, state machine circuitry, and I/ 
O circuitry. Typically, the microcontroller 60 includes the 
ability to process or monitor input signals (data) as con- 
trolled by program code stored in a designated block of 

50 memory. The details of the design and operation of the 
microcontroller 60 are not critical to the present inven- 
tion. Rather, any suitable microcontroller 60 may be 
used that carries out the functions described herein. The 
use of microprocessor-based control circuits for per- 

55 forming timing and data analysis functions is well known 
in the art. Representative types of control circuitry that 
may be used with the invention include the microproc- 
essor-based control system of U.S. Patent No. 
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4,940,052 (Mann et al.) and the state-machines of U.S. 
Patent Nos. 4,712,555 (Thornander et al.) and 
4,944,298 (Sholder). For a more detailed description of 
the various timing intervals used within the stimulation 
device and their inter-relationship, see U.S. Patent No. 
4,788,980 (Mann et al.). The '052, '555, '298 and '980 
patents are incorporated herein by reference. 
[0032] As shown in FIG. 1, an atrial pulse generator 
70 and ventricular pulse generators 72a and 72b gen- 
erate pacing stimulation pulses for delivery by the atrial 
lead 20, the ventricular lead 30, and the CS lead 46, 
respectively, via a switch bank 74. The pulse genera- 
tors, 70, 72a, and 72b are controlled by the microcon- 
troller 60 via appropriate control signals, 76, 78a and 
78b, respectively, to trigger or inhibit the stimulation 
pulses. The microcontroller 60 further includes timing 
circuitry that controls the timing of such stimulation puls- 
es, e.g., pacing rate, atrioventricular (AV) delay) and the 
interventricular delay, as well as keeping track of the tim- 
ing of any refractory periods, PVARP intervals, noise de- 
tection windows, evoked response windows, alert inter- 
vals, marker channel timing, etc. , that are well known in 
the art. 

[0033] The switch bank 74 includes a plurality of 
switches for switch ably connecting the desired elec- 
trodes to the appropriate I/O circuits, thereby providing 
complete electrode prog ram inability. Accordingly, the 
switch bank 74, in response to a control signal 80 from 
the microcontroller 60, determines the polarity of the 
stimulation pulses (e.g., unipolar or bipolar) by selec- 
tively closing the appropriate combination of switches 
as is known in the art. 

[0034] An atrial sense amplifier 82 and ventricular 
sense amplifiers 84a and 84b are also coupled to the 
atrial and ventricular leads 20, 30 and 46, respectively, 
through the switch bank 74 for detecting the presence 
of cardiac activity. The switch bank 74 determines the 
"sensing polarity" of the cardiac signal by selectively 
closing the appropriate switches, as is also known in the 
art. In this way, the clinician may program the sensing 
polarity independent of the stimulation polarity. 
[0035] Each sense amplifier, 82, 84a and 84b, prefer- 
ably employs a low power, precision amplifier with pro- 
grammable gain and/or automatic gain control, band- 
pass filtering, and a threshold detection circuit, known 
in the art, to selectively sense the cardiac signal of in- 
terest. The automatic gain control enables the implant- 
able stimulation device 1 0 to deal effectively with sens- 
ing the low frequency, low amplitude signal characteris- 
tics of atrial and ventricular fibrillation. 
[0036] The outputs of the atrial and ventricular sense 
amplifiers, 82, 84a and 84b, are connected to the micro- 
controller 60 which, in turn, inhibits the atrial and ven- 
tricular pulse generators, 70, 72a and 72b, respectively, 
in a demand fashion whenever cardiac activity is sensed 
in the respective chambers. The sense amplifiers, 82, 
84a and 84b, in turn, receive control signals over signal 
lines, 86, 88a and 88b, from the microcontroller 60 for 



purposes of controlling the gain, threshold, polarization 
charge removal circuitry (not shown), and the timing of 
any blocking circuitry (not shown) coupled to the inputs 
of the sense amplifiers, 82, 84a and 84b, as is known in 
5 the art. 

[0037] For arrhythmia detection , the device preferably 
includes an arrhythmia detector 62 which utilizes the 
atrial and ventricular sense amplifiers, 82, 84a and 84b, 
to sense cardiac signals to determine whether a rhythm 

10 is physiologic or pathologic. As used herein, "sensing" 
is reserved for the noting of an electrical depolarization, 
and "detection" is the processing of these sensed depo- 
larization signals and noting the presence of an arrhyth- 
mia. The timing intervals between sensed events (e.g., 

15 the P-P and R-R intervals) are then classified by the mi- 
crocontroller 60 by comparing them to a predefined rate 
zone limit (e.g., bradycardia, normal, low rate VT, high 
rate VT : and atrial and ventricular fibrillation rate zones) 
and various other characteristics (e.g., sudden onset, 

20 stability, physiologic sensors, and morphology, etc.) in 
order to determine the type of arrhythmia detected (e. 
g., bradycardia, tachycardia, and atrial or ventricular fi- 
brillation), to employ a corresponding arrhythmia termi- 
nating therapy, also known as "tiered therapy"). 

25 [0038] Cardiac signals are also applied to the inputs 
of an analog to digital (A/D) data acquisition system 90. 
The data acquisition system 90 is configured to acquire 
intracardiac electrogram signals, convert the raw analog 
data into a digital signal, and store the digital signals for 

30 later processing and/or telemetric transmission to an ex- 
ternal device 102. The data acquisition system 90 is 
coupled to the atrial and ventricular leads, 20, 30 and 
46, through the switch bank 74 to sample cardiac signals 
across any pair of desired electrodes. 

35 [0039] The microcontroller 60 is further coupled to a 
memory 94 by a suitable data/address bus 96, wherein 
the programmable operating parameters used by the 
microcontroller 60 are stored and modified, as required, 
in order to customize the operation of the implantable 

40 stimulation device 10 to suit the needs of a particular 
patient. Such operating parameters define, for example, 
pacing pulse amplitude, pulse duration, electrode polar- 
ity, rate, sensitivity, automatic features, arrhythmia de- 
tection criteria, and the amplitude, waveshape and vec- 

45 tor of each shocking pulse to be delivered to the patient's 
heart 12 within each respective tier of therapy. 
[0040] Advantageously, the operating parameters of 
the implantable stimulation device 1 0 may be non-inva- 
sively programmed into the memory 94 through a telem- 

so etry circuit 1 00 in telemetric communication with the ex- 
ternal device 102, such as a programmer, transtele- 
phonic transceiver, or a diagnostic system analyzer. The 
telemetry circuit 100 is activated by the microcontroller 
60 by a control signal 1 06. The telemetry circuit 1 00 ad- 

55 vantageously allows intracardiac electrograms and sta- 
tus information relating to the operation of the implant- 
able stimulation device 10 (as contained in the micro- 
controller 60 or memory 94) to be sent to the external 
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device 102 through an established communication link 
104. 

[0041] In a preferred embodiment, the implantable 
stimulation device 10 may further include a physiologic 
sensor 110. Such sensors are commonly called "rate- 
responsive" sensors. The physiological sensor 110 is 
used to detect the exercise state of the patient, to which 
the microcontroller 60 responds by adjusting the rate 
and AV Delay at which the atrial and ventricular pulse 
generators, 70, 72a and 72b, generate stimulation puls- 
es. The type of sensor used is not critical to the present 
invention and is shown only for completeness. 
[0042] The stimulation device additionally includes a 
battery 114 which provides operating power to all of the 
circuits shown in FIG. 1 . For the exemplary implantable 
stimulation device 1 0, which employs shocking therapy, 
the battery 114 must be capable of operating at low cur- 
rent drains for long periods of time (preferably less than 
10 u-A) and then be capable of providing high-current 
pulses (for capacitor charging) when the patient re- 
quires a shock pulse (preferably, in excess of 2 amps at 
voltages above 2 volts, for periods of 10 seconds or 
more). The battery 114 preferably has a predictable dis- 
charge characteristic so that elective replacement time 
can be detected. Accordingly, the implantable stimula- 
tion device 10 preferably employs lithium/silver vanadi- 
um oxide batteries, as is true for most (if not all) current 
devices. 

[0043] Furthermore, a voltage multiplier 116, powered 
by the battery 114 via power line 117, may be used to 
provide the stimulation voltage needed by the ventricu- 
lar pulse generators 72a and 72b to stimulate the pa- 
tient's heart. Preferably, a single voltage multiplier 116 
(e.g., a voltage doubler ortripler) is used to power both 
the ventricular pulse generators 72a and 72b via line 
118. Accordingly, if either pulse generator requires a 
voltage in excess of a voltage multiplier threshold volt- 
age V M (i.e., the present battery voltage V B minus a fac- 
tor to accommodate the operation of the voltage multi- 
plier; generally this voltage approximates the battery 
voltage), the voltage multiplier 116 may be triggered via 
line 119 for powering both pulse generators 72a and 
72b. Due to potential power losses in the voltage multi- 
plier 116, triggering the voltage multiplier 116 is prefer- 
ably avoided, when possible. The battery voltage is pe- 
riodically monitored by a voltage detector 121 . As dis- 
cussed further below, the microcontroller 60 preferably 
determines whether to trigger the voltage multiplier 116 
as a function of the present battery voltage and the volt- 
age (or current) amplitude signal presently demanded 
by each of the pulse generators in order to achieve cap- 
ture. The use of multiple voltage multipliers is consid- 
ered to be within the scope of the present invention and 
will enable the use of a simpler control algorithm at the 
expense of the additional hardware, package volume 
and potential power dissipation. However, specific as- 
pects of the present invention are adapted to enable the 
use of a single voltage multiplier and thus minimize 



16 

hardware, package volume and power dissipation. 
[0044] The implantable stimulation device 10 further 
includes a magnet detection circuitry (not shown), cou- 
pled to the microcontroller 60. It is the purpose of the 

5 magnet detection circuitry to detect when a magnet is 
placed over the implantable stimulation device 10, 
which magnet may be used by a clinician to perform var- 
ious test functions of the implantable stimulation device 
1 0, such as defibrillation threshold tests, and/orto signal 

10 the microcontroller 60 that the external programmer 1 02 
is in place to receive or transmit data to the microcon- 
troller 60 through the telemetry circuit 100. 
[0045] As previously discussed, the stimulation 
threshold energy level can be significantly different be- 

15 tween the right and left sides of the patient's heart. Ac- 
cordingly, embodiments of the present invention provide 
independent control of the voltage (or current) and pulse 
duration components of stimulation pulses for each side 
of the patient's heart. Furthermore, a delay between 

20 pacing pulses provided to the right and left sides of the 
patient's heart is preferably programmable to alterna- 
tively enable optimal hemodynamics or treatment of the 
patient's heart. Such programmable data may be pro- 
vided via remotely entered data from the external device 

25 102 that communicates with the telemetry circuit 100. 
Alternatively, as discussed further below, the time delay 
may be automatically configurable dependent upon 
measured propagation delays. 

[0046] In order to obtain independent stimulation en- 
30 ergy control between the right and left sides of the pa- 
tient's heart, individual ventricular pulses generators 
72a and 72b are provided under individual control from 
the microcontroller 60 via control lines 78a and 78b. The 
initial energy threshold levels may be remotely program- 
35 mable as described above. However, in a preferred em- 
bodiment, the initial right and leftthreshold energy levels 
are determined according to calculated strength -dura- 
tion curves. A first alternative technique will now be de- 
scribed. 

40 [0047] An equation for approximating the relationship 
between amplitude and duration for stimulating body, e. 
g., cardiac tissue, was defined in 1909 by Lapicque as 
a strength-duration curve. The Lapicque equation is: 

I = l R * (1 + d c /d) 

where l R represents the lead current at the rheobase, i. 
e., the lowest current pulse (independent of duration) 
50 that can stimulate the body tissue and d c represents the 
chronaxie time duration, i.e., a duration at which stimu- 
lation requires twice the rheobase current value for cap- 
ture. 

[0048] This relationship is readily apparent by setting 
55 d equal to d c which results in: 

l = 2*l R . 
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[0049] This equation can be adjusted to calculate 
stimulation voltage by multiplying each side by the lead 
impedance, resulting in: 



V = V R * (1 + d c /d) 



Where V R is the rheobase voltage. 
[0050] The chronaxie and rheobase may be calculat- 
ed using the present device. As described below, this 
calculation may be accomplished using only two sets of 
measurements. 

[0051 ] The amou nt of charge Q that is needed to stim- 
ulate the cardiac tissue can be expressed as: 

Q=l*d 

where I is current and d is the pulse duration. 
[0052] As previously discussed, the stimulation cur- 
rent can be expressed as: 



I = l R * (1 + dc/d) 



10 



15 



20 



Q ( 1) = "r*(1 + d c ) - Ir + Or * d c ) 



Q (2) = l R *(2+d c )=(2*l R ) + (l R *d c ) 



Accordingly: 



Q (2) * Q (1) - 'i 



i.e., the rheobase current is the difference between the 
two charges (where Q is in miliicoulombs and l R is in 
amperes) . if the equation is multiplied by resistance R 
and the charges are adjusted for their 2.0 millisecond 
and 1.0 millisecond durations, the rheobase voltage 
may be determined by the equation: 



Vr = (2 * V (2) ) - V 



(D 



It is thus known that: 



i.e., the rheobase voltage can be calculated from the 
two measured voltages at which capture occurred. 
[0055] Further substituting the solved rheobase volt- 
25 age value ((2 * V^p-V^j) in the Lapicque voltage equa- 
tion at 1 .0 milliseconds, it is determined that: 



Q = l R * (1 + d^d) * d 

= Or * Cl) + (l R * dj 

= U*(d + d c ) 

[0053] If a fixed pulse duration is selected, and a stim- 
ulation pulse is generated, e.g., from ventricular pulse 
generator 72a, its corresponding sense amplifier, e.g., 
ventricular sense amplifier 84a, will attempt to detect an 
evoked response. (Alternatively, the data acquisition 
system 90 may be used to detect an evoked response.) 
An evoked response will typically occur within a window 
of 15 to 50 milliseconds subsequent to the delivery of 
the stimulation pulse. Accordingly, the ventricular sense 
amplifier 84a is preferably blanked via signal line 88a 
for the time preceding this detection window. If an 
evoked response does not occur, the amplitude of the 
stimulation pulse is increased, e.g., by a relatively small 
(fine) quantity, and the test is repeated. When an evoked 
response is detected, a point on the strength-duration 
curve has been found. 

[0054] If this test process is repeated twice, one can 
arithmetically derive the rheobase and the chronaxie. 
For example, when the tests are repeated for exemplary 
values of d equal to 1.0 and 2.0 milliseconds (one of 
ordinary skill in the art can adapt these calculations for 
other test values, see for example, Equations 2 and 3 
of U.S. Patent No. 5,447,525), the following two equa- 
tions result, respectively: 



30 



35 



45 



50 



55 



V=V R *(1+d c /d) 



V (1) =((2*V r2 0-V m )*(1+(d c /1)) 



(2) 



(1) 



V (1) =((2*V, 2 >)-V m )*(1 +d c ) 



(2) 



[0056] And thus, the chronaxie value (in milliseconds) 
may be determined by the following equation with meas- 
urements made at duration values of 1 .0 and 2.0 milli- 
40 seconds: 

d c = (V m /((2 * V (2) ) - V m » - 1 



[0057] In a second alternative technique, the rheo- 
base can be approximated by observing that typically 
the Lapicque curve is essentially flat at or beyond the 
2.0 millisecond point. Thus, if a voltage capture level is 
obtained at or beyond that point, it will approximate the 
rheobase. Next, using twice the measured rheobase 
value for the pulse amplitude, the pulse duration can be 
incremented from a starting point, e.g., 0.5 milliseconds, 
until an evoked response occurs within the detection 
window. This point of capture is then identified as the 
chronaxie value. 

[0058] These techniques are preferably used to inde- 
pendently determine the rheobase and chronaxie for 
each side of the patient's heart using the right ventricular^ 
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pulse generator 72a and right ventricular sense ampli- 
fier 84a for the right side calculation and the left ven- 
tricular pulse generator 72b and left ventricular sense 
amplifier 84b for the left side calculation. The sense am- 
plifiers may be able to sense far field signals propagat- 5 
ing from the opposing heart side. Accordingly, to avoid 
misdetecting a far field signal as a locally evoked re- 
sponse, it is preferable that the described rheobase and 
chronaxie calculations only occur on one side of the 
heart at a time, i.e., the stimulation pulses are tempo- 10 
rarily suppressed on the opposing side. 
[0059] By definition, the strength-duration curve de- 
fines point pairs (voltage, duration) at which capture can 
be achieved. It has further been determined that the 
point with an amplitude of twice the rheobase and a du- 15 
ration that is equal to the chronaxie is the point on the 
strength-duration curve that will minimize power con- 
sumption and thus maximize battery life. This point is 
sometimes referred to as the chronaxie point. However, 
due to physiological and measurement variations, one 20 
or more parameters should be increased to achieve a 
safety margin above this optimal energy level. Further- 
more, various physiological factors may require increas- 
es in this safety-factored energy level as well as period- 
ically enabling the energy level to be decreased. These 25 
concepts are generally used in the previously refer- 
enced device, the Affinity® DR, Model 5330 L7R Dual- 
Chamber Pulse Generator, manufactured by the assign- 
ee of the present invention as well as the previously ref- 
erence pending U.S. Patent Application No. 30 
09/483,908, both of which have been incorporated here- 
in by reference. 

[0060] FIGS. 2A and 2B show simplified exemplary 
flow charts of the aforementioned process for a thresh- 
old search routine 300 for determining the initial energy 35 
threshold levels plus safety margins. Periodically, e.g., 
every 6 to 24 hours as shown in step 301 or as required 
by the loss- of -capture algorithm described below, the 
threshold search routine 300 determines in step 302 the 
chronaxie (d c1 ) and rheobase (V R1 ) for one side (i.e., 40 
side 1) of the heart. During this determination, stimula- 
tion pulses are inhibited on the opposing side (i.e., side 
2) of the heart in orderto avoid mistaking a farfield signal 
for an evoked response. Step 302 may proceed accord- 
ing to one of the aforedescribed techniques or equiva- 45 
lent. While this technique is only specifically described 
in reference to FIG. 2A for one side (side 1, e.g., the 
right side) of the patient's heart, it is preferred that this 
procedure additionally and alternately be used for each 
side of the heart, see FIG. 2B which shows the proce- so 
dure for the other side (side 2, e.g., the left side) of the 
patient's heart. As previously discussed, it is preferred 
that these procedures alternate to avoid erroneously de- 
tecting a far field signal for an evoked response. 
[0061 ] In step 304. it is conf irrned that the determined 55 
chronaxie point (2 * V R1 , d c1 ) satisfactorily captures the 
patient's heart and in step 306 the energy level is in- 
creased if necessary to obtain capture. It is noteworthy 
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that the first alternative technique for determining the 
strength-duration curve calculates the location of the 
chronaxie point and, as such, the determination in step 
304 is the first time that this confirmation is made. How- 
ever, the second alternative technique for determining 
the strength-duration curve selects an approximate 
chronaxie point based upon an approximate rheobase 
point. Nevertheless, the determination of step 304 
would occur at this approximate, but previously meas- 
ured, point. Accordingly, if the second alternative tech- 
nique is used, steps 304 and 306 may be skipped. 
[0062] Typically automatic capture systems use a 
stimulation energy curve where the pulse duration is 
predetermined and the stimulation voltage is increased 
by a relatively small (i.e., fine) voltage factor V F above 
the amplitude level at the chronaxie point of twice the 
rheobase (2 * V R1 ) until capture is achieved at a capture 
energy level. Accordingly, capture is confirmed at a volt- 
age value of (2 * V R1 ) + (n * V F ), and a duration point of 
d c1 , where n corresponds to the number of fine V F steps, 
e.g., steps of 0.1 volts, that are taken to regain capture. 
This voltage, duration point pair may also be referenced 
as: 

(2*V R1 ) + (n*V F ) s d c1 

[0063] Next, the voltage level is preferably increased 
by a safety margin V s in step 308 to ensure that the sys- 
tem will be tolerant of variations in the strength-duration 
curve or the measurement circuitry. The safety margin 
may alternatively be preprogrammed by the microcon- 
troller 60 or may be remotely programmable via the ex- 
ternal device 102. The determined controlled energy 
level is subsequently saved in step 318. It is preferable 
to avoid triggering the voltage multiplier in order to con- 
serve power. Accordingly., it is first determined in step 
31 0 if the proposed voltage component, (2 * V R1 ) + (n * 
V F ) +■ V s , exceeds a voltage which corresponds to the 
present battery voltage as measured by the voltage de- 
tector 121 adjusted by a factor related to the operation 
of the voltage multiplier (the significance of voltage V PS 
in the preferred dual site environment is described be- 
low). If the proposed voltage component is below this 
value, the proposed voltage component becomes the 
initial voltage component in step 318. The stimulation 
point used (expressed as amplitude, duration) is: 

(2*V R1 ) + (n*V F ) + V s ,d c1 

[0064] Additionally, this determination is moot if the 
other side of the heart already requires triggering of the 
voltage multiplier. Accordingly, the determination in step 
31 0 is preferably done relative to a voltage value V PS 
which is the highest multiple of the voltage multiplier 
threshold voltage V M required by either the right or the 
left side of the heart. 
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[0065] If it is determined that the opposing heart side 
does not require the voltage multiplier, triggering the 
voltage multiplier is postponed in step 312 where the 
amplitude portion of the stimulation pulse (i.e., the volt- 
age component) is set to the present battery voltage V B 
and the duration component is increased from the chro- 
naxie duration value d c1 . Thus, capture is attempted at: 

V B ,d c1 +(m*d F ) 

where d F is a relatively small (fine) duration increment 
(e.g., 0.05 milliseconds) and m is the number of steps 
used to regain capture. If capture is obtained in step 31 4, 
the pulse duration is increased by a pulse duration safe- 
ty factor d s in step 31 6, resulting in an initial stimulation 
point of: 

V B> d c1 + (m*d F ) + d s 

The pulse duration safety factor d s may be prepro- 
grammed in the microcontroller 60 or may be program- 
mable from the external device 102. 
[0066] Alternatively, the value determined in step 310 
becomes the initial stimulation point and the voltage 
multiplier is triggered as needed. This stimulation point 
may be expressed as: 

(2*V R1 )+(n*V F )+V s ,d c1 

[0067] In an alternative implementation, the chronax- 
ie determined energy level is increased in step 306 by 
a function of voltage and duration, e.g., using the curve 
described in FIG. 7 of Bornzin which is included herein 
as FIG. 3. Accordingly, the stimulation point at capture 
may be represented by: 

(2*V R1 )+(n*V F ), d cl+ (n*d F ) 

[0068] Accordingly, in step 308 where the energy level 
is increased to achieve a safety margin, this may be ac- 
complished by simply increasing the value of n by a 
safety factor n s that may be preprogrammed in the mi- 
crocontroller 60 or may be programmable from the ex- 
ternal device 1 02. Thus, the stimulation point at capture 
may be represented by: 

(2 * V R1 ) + ((n + n J * V F ), d c1 + ((n + n s ) * d F ) 

[0069] By using the Bornzin curve (now of FIG. 3), the 
ability to avoid triggering the voltage multiplier is built 
into the curve, i.e., the Bornzin curve has been formed 
to include the effect of the voltage multiplier. For addi- 
tional details of the forming of this curve, see U.S. Patent 



No. 5,697,956. It should be noted that the Bornzin curve 
is not uniformly monotonic in voltage. See, for example, 
point 6 where the pulse duration is increased to avoid 
increasing the pulse amplitude above the voltage 
5 threshold of the voltage multiplier. At point 6, the pulse 
amplitude is decreased to minimize the energy increase 
caused by the pulse amplitude increase and thus limits 
the energy increase between points 5 and 6. However, 
the Bornzin curve does not take into account the current 
10 dual site environment. 

[0070] The stimulation energy curve is preferably up- 
dated periodically. First, the Bornzin curve is preferably 
updated to compensate for altering the voltage multiplier 
threshold voltage V M as the battery voltage V B is deplet- 
es ed. Next, curve plateau levels, corresponding to the volt- 
age multiplier that is already used by the opposing side 
of the heart, are eliminated. 

[0071] A simplified stimulation energy (voltage, dura- 
tion) curve 400 is shown in FIG. 4 to illustrate these ef- 

20 fects. In FIG. 4, the voltage component is allowed to in- 
crease with a fixed duration (preferably at the chronaxie) 
until the voltage multiplier threshold voltage V M is 
reached. At that point, only the duration component of 
the stimulation pulse is permitted to increase. Eventual- 

25 |y 9 jf capture cannot be achieved, the curve returns to its 
initial duration component value and the voltage com- 
ponent again increases. This transition will require use 
of the voltage multiplier. However, if the opposite side 
of the heart has already required the voltage multiplier, 

30 the jog 402 in the curve to accommodate the voltage 
multiplier is unnecessary. Accordingly, jog 402 will be 
eliminated and the curve will return to its upward transi- 
tion 404. Thus, the curve is dynamically reformatted in 
response to changes in battery voltage and demands of 

35 the opposite side of the heart. Similar reformatting (see 
402' and 404') may occur in response to reaching the 
voltage level used fortriggering a voltage tripler. It is be- 
lieved that, while not essential, the use of a Bornzin type 
stimulation energy curve simplifies the practice of the 

40 present invention. Furthermore, an improved stimula- 
tion energy curve is described in a copending, common- 
ly-assigned U.S. Provisional Application No. 
60/204,31 7, filed 05/1 5/00, entitled "Method and Device 
For Optimally Altering Stimulation Energy to Maintain 

45 Capture of Cardiac Tissue" (to Mandell), the teachings 
of which are incorporated herein by reference in their 
entirety. The stimulation energy curve in such applica- 
tion is additionally optimized for variations in the chron- 
axie as well as the rheobase and thus is less susceptible 

50 to strength-duration curve variations. The use of such a 
stimulation energy curve is equally applicable to the 
present invention. 

[0072] FIG. 5 shows a simplified flow chart 500 for 
maintaining capture of both sides of the patient's heart. 
55 Initially in steps 502a and 502b, it is determined whether 
a loss-of -capture criteria has been met. For instance, in 
an exemplary device, the Affinity® DR, Model 5330 UR 
Dual-Chamber Pulse Generator, manufactured by the 
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assignee of the present invention, the absence of two 
consecutive evoked responses defines a loss-of -cap- 
ture criteria while the aforementioned U.S. Patent Ap- 
plication No. 09,483,908 defines a loss-of -capture crite- 
ria as X out of the last Y beats, where Y is greater than 
2 and X is less than Y. Once a loss -of -capture criteria is 
met, the controlled energy level is increased in steps 
504a and 504b. Preferably, the controlled energy level 
is increased (preferably by a relatively large, i.e., 
coarse, value V c to rapidly regain capture) according to 
the aforementioned criteria of U.S. Patent No. 
5,697,956 or the aforementioned copending application 
to Mandell, each of which additionally provides the ben- 
efit of avoiding use of the voltage multiplier 116 when 
possible. Alternatively, the voltage component alone 
may be increased by a coarse value V c to regain cap- 
ture. Thus, capture will be regained for side 1 in block 
504a at a value of V 1 + n * V c , d v Similarly, capture will 
be regained for side 2 in block 504b at a value of V 2 + 
n * V c , d 2 . Once capture has been regained, the asso- 
ciated threshold search routine 302 or 302' is preferably 
triggered to redetermine the threshold level for the ap- 
propriate side of the patient's heart. Preferably, only the 
side that has been recaptured starts a new threshold 
search. 

[0073] As opposed to single site automatic capture al- 
gorithm, as found in the aforementioned Affinity® DR, 
Model 5330 L/R Dual-Chamber Pulse Generator, a loss- 
of-capture is not considered to be as serious since the 
opposite side, e.g., chamber, of the heart can be con- 
sidered to be providing a source for a delayed stimula- 
tion pulse (somewhat analogous to a backup pulse), al- 
beit delayed resulting from the wave propagation delay 
between sides. Accordingly, a backup pulse, typically at 
a 4.5 volt level, need only be provided if both sides fail 
to capture, as detected in step 506. Accordingly, in such 
an event a backup pulse is delivered to one or both 
chambers in step 508. Preferably, this determination is 
programmable from the external device 102. 
[0074] Preferably, the right and left ventricular pulse 
generators 72a and 72b can deliver stimulation pulses 
with an adjustable interventricular delay as timed by the 
timing control circuit 124 in the microcontroller 60. In a 
healthy heart, it is hemodynamically optimal to simulta- 
neously pace the left and right ventricles of the patient's 
heart. Accordingly in a first embodiment, the right and 
left stimulation pulse are delivered simultaneously but 
with different, alterable energy levels. However, in a 
CHF patient or the like, this may not be the optimal treat- 
ment. Accordingly, in a preferred embodiment, one side 
of the heart, e.g., the right side, is paced independent 
of the other side and the opposing sense amplifier mon- 
itors for a far field signal. If the far field signal occurs 
within 1 00 milliseconds, this may be considered to be a 
normal condition and simultaneous stimulation may 
continue. However, if the far field signal occurs at a time 
period greater than 100 milliseconds, e.g., 160 millisec- 
onds, it may be preferable to set the interventricular de- 



lay, i.e., the time delay between right and left stimulation 
pulses, to a percentage of the measured delay, e.g., 
50%. Thus, in this example, the interventricular delay 
would be set to 80 milliseconds. Alternatively, it may be 
5 desirable to stimulate the left ventricle in advance of the 
right ventricle, i.e., to set the interventricular delay to a 
negative value, to attempt to overcome the disease 
process. This delay, positive or negative, may be adjust- 
ed to optimize the heart's output as sensed by a hemo- 
10 dynamic sensor. 

[0075] Accordingly, what has been shown is an im- 
proved criteria for performing an automatic capture 
/threshold procedure in an implantable cardiac stimula- 
tion device. Whilethe invention has been specifically de- 
is scribed in reference to embodiments that individually 
stimulate the left and right ventricles, embodiments that 
individually stimulate the left and right atrium or two or 
more other individual sites in the heart, e.g., right atrium 
and left ventricle, are also considered to be within the 
20 scope of the present invention. 

Claims 

25 1. An implantable cardiac stimulation device config- 
ured for stimulating a patient's heart through at least 
two electrodes wherein a first electrode is posi- 
tioned to stimulate a chamber in the right side of the 
patient's heart and the second electrode is posi- 

30 tioned to stimulate a corresponding chamber in the 
leftside of the patient's heart, the stimulation device 
comprising: a first pulse generator configured for 
electrical coupling to the first electrode and config- 
ured to generate first stimulation pulses at a first 

35 controlled energy level thereby to stimulate the right 
side of the patient's heart, wherein the first control- 
led energy level is defined by a set of characteristics 
including an amplitude component and a duration 
component; a first detection circuit configured for 

40 electrical coupling to the first electrode and config- 
ured to receive cardiac signals for determining the 
presence or absence of an evoked response to 
each of the first stimulation pulses; a second pulse 
generator configured for electrical coupling to the 

45 second electrode and configured to generate sec- 
ond stimulation pulses at a second controlled ener- 
gy level thereby to stimulate the left side of the pa- 
tient's heart, wherein the second controlled energy 
level is defined by a set of characteristics including 

50 an amplitude component and a duration compo- 
nent; a second detection circuit configured for elec- 
trical coupling to the second electrode and config- 
ured to receive cardiac signals for determining the 
presence or absence of an evoked response to 

55 each of the second stimulation pulses; a controller 
coupled to the first and second pulse generators 
and the first and second detection circuits for adap- 
tively determining the first controlled energy level in 
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response to the signals detected by the first detec- 
tion circuit and for adaptively determining the sec- 
ond controlled energy level in response to signals 
detected by the second detection circuit; and a bat- 
tery for providing powerto the first and second pulse 
generators that generate the first and second stim- 
ulation pulses. 

2. A cardiac stimulation device as claimed in Claim 1 , 
characterised in that the controller periodically de- 
termines the chronaxie and rheobase correspond- 
ing to a strength-duration curve for the chamber on 
the right side of the patient's heart and determines 
an initial first controlled energy level accordingly, 
and/or determines the chronaxie and rheobase cor- 
responding to a strength-duration curve for the 
chamber on the left side of the patient's heart and 
determines an initial second controlled energy level 
accordingly. 

3. A cardiac stimulation as claimed in Claim 2, char- 
acterised in that the initial first and second control- 
led energy levels are selected to achieve a safety 
margin from the respective determined strength-du- 
ration curves, the stimulation device additionally 
comprising: a voltage detector for detecting the 
present voltage level of the battery; and wherein the 
controller determines the initial first and second 
controlled energy levels based upon the present 
battery voltage level, the strength -duration curves 
for the right and left sides of the patient's heart and 
a specified safety margin value. 

4. A cardiac stimulation device as claimed in any pre- 
ceding Claim, characterised in that: the controller 
increases the first controlled energy level in re- 
sponse to a loss-of-capture criteria related to the 
absence of an evoked response from the right side 
of the patient's heart; and the controller increases 
the second controlled energy level in response to a 
loss-of-capture criteria related to the absence of an 
evoked response from the left side of the patient's 
heart. 

5. A cardiac stimulation device as claimed in any pre- 
ceding Claim, characterised by: a voltage detector 
for detecting the present voltage level of the battery, 
and in which: the controller modifies the amplitude 
components of the first and second controlled en- 
ergy levels dependent upon the present battery 
voltage level and the present first and second am- 
plitude components. 



patient's heart by the first stimulation pulse. 

7. A cardiac stimulation device as claimed in Claim 6, 
characterised in that the interchamber delay peri- 

5 od is set to a delay of essentially 0.0 seconds. 

8. A cardiac stimulation device as claimed in any of 
Claims 1 to 6, characterised in that the intercham- 
ber delay period is set to cause the right side of the 

10 patient's heart to be stimulated prior to the left side 
of the patient's heart, or vice versa. 

9. A cardiac stimulation device as claimed in any pre- 
ceding Claim, characterised in that it is arranged 

15 so that the right chamber of the patient's heart is the 
right ventricle and the left chamber of the patient's 
heart is the left ventricle. 

10. A cardiac stimulation device as claimed in Claim 9, 
20 characterised in that, in use, the first electrode is 

positioned proximate to the right ventricular apex 
and the second electrode is positioned proximate 
to the coronary sinus. 

25 11. An implantable cardiac stimulation device config- 
ured for stimulating the right and left sides of a pa- 
tient's heart, the stimulation device comprising: 
means for generating first stimulation pulses at a 
first controlled energy level to thereby stimulate the 

30 right side of the patient's heart, wherein the first con- 
trolled energy level is defined by a set of character- 
istics including an amplitude component and a du- 
ration component; first detection means for deter- 
mining the presence or absence of an evoked re- 

35 sponse to each of the first stimulation pulses; 
means for generating second stimulation pulses at 
a second controlled energy level to thereby stimu- 
late the left side of the patient's heart, wherein the 
second controlled energy level is defined by a set 

40 of characteristics including an amplitude compo- 
nent and a duration component; second detection 
means for determining the presence or absence of 
an evoked response to each of the second stimula- 
tion pulses; and means for adaptively determining 

45 the first controlled energy level in response to the 
first detection means and for adaptively determining 
the second controlled energy level in response to 
the second detection means. 

50 



6. A cardiac stimulation device as claimed in any pre- 
ceding Claim, characterised in that the stimulation 55 
of the left side of the patient's heart by the second 
stimulation pulse occurs at an interchamber delay 
period from the stimulation of the right side of the 
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(57) An improved device and method for automati- 
cally determining threshold detection and maintaining 
capture in a multiple, e.g., dual, site cardiac stimulation 
device. When multiple site stimulation is used, e.g., for 
treatment of congestive heart failure (CHF) or the like, 
the threshold stimulation energy level at each of the 
sites will typically be different and, in the case of a lead 
implanted in the coronary sinus (CS), threshold stimu- 
lation energy level may be significantly different, e.g., 
50 times greater or more. Accordingly, embodiments of 
the present invention independently maintain capture 



for each site and, preferably independently determine 
the threshold for each site. In a significant aspect of the 
present invention, a preferred device periodically deter- 
mines the chronaxie and rheobase corresponding to a 
strength-duration curve for each site and sets initial con- 
trolled energy levels accordingly. Once each initial con- 
trolled energy level is determined, which preferably in- 
cludes a safety margin : the controlled energy level is in- 
creased when a loss-of -capture criteria is met. Further- 
more, power expended from the battery is minimized 
since each site is individually optimized. 
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